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Abstract: The stepped leader forms the first phase of the first stroke in any lightning flash. It is 
basically a stepwise elongating discharge in air, which carries significant charge. The charge 
distribution on the leader and its velocity of descent determine the attractive radius in shielding 
efficiency calculations. Also, the conductivity and the charge distribution on the leader tip region 
govern the initial stages of the return stroke. Therefore, there is a need for determining these 
parameters accurately. In ths regard, a self-consistent model for the stepped leader will be very useful. 
The authors present a new model for the stepped leader that does not assume basic quantities like 
leader charge, current and velocity, but derives them from the computer simulation. 

1 Introduction 

All cloud-to-ground lightning flashes are preceded by a 
stepped leader phase [l, 21. The stepped leader, being a pre- 
cursor to the first return stroke, is a stepwise elongating 
electrical discharge in air originating either at the cloud 
base or sometimes from tall objects (standing above 
ground). Statistics associated with the lightning flash can be 
found in [l, 21. As the magnitude and rate of rise of cur- 
rents associated with the return strokes are much higher 
than that of the leader, these have been of main concern in 
the modelling of lightning. However, it may be noted that 
the return stroke neutralises the charge contained in the 
stepped leader and therefore it is important to assess the 
charge distribution on the leader. Earlier works on the 
computation of the return stroke current have modelled the 
stepped leader at its last stage as a finitely conducting c y h -  
drical structure surrounded by a corona sheath [3-71. The 
charge on the leader was either assumed to be constant [7] 
or determined by either assuming a constant potential all 
along the leader length [MI or by assuming a uniform gra- 
dient throughout [3]. 

The other major area concerned with the stepped leader 
is in the calculation of attractive radiushhielding efficiency 
of lightning protection structures. In any lightning protec- 
tion system, it is required that the connecting streamers 
from the protective system should establish contact with 
the descending stepped leader before that from the system 
to be protected. The length of this connecting streamer for 
any system is mainly determined by the charge distribution 
on the tip region of the stepped leader and the actual veloc- 
ity of its descent. In the literature pertaining to attractive 
radius/shielding efficiency calculations, the stepped leader 
has been modelled as a continuously descending cylindri- 
calkonical charge structure with a charge distribution 

either assumed to be stepwise constant [8] or to be varying 
linearly with the peak at its tip [9, 101. Collectively, it may 
be observed here that in both of the aforementioned works, 
the leader needs to be considered at its final stage, and 
therefore no attempts have been made to model the leader 
from its initiation. In those cases seeking to explain the 
measured slow electric field-change records on the ground, 
the stepped leader has been considered as a continuously 
descending cylindrical charge structure [ 1 11. 

In conclusion, it may be observed that much thought has 
not been put into the modelling of the stepped leader from 
its initiation and to describing its stepwise propagation. 
Th~s  work presents a novel model for the stepped leader 
which does not assume basic quantities like leader charge, 
potential, current, velocity and stepwise propagation char- 
acteristics, but derives them from the simulation. 

2 Proposed model 

Modelling of the stepped leader can be divided into: 
(a) modelling of the air breakdown process, which is very 
active near the tip 
(b) computations of the associated transient electric field 
that is the main cause of leader progression. 
The assumptions made for minimising the computational 
burden are: 
(i) The leader and the streamer are cylindrical in structure 
and they ascend or descend vertically straight. (This 
assumption is common to many of the earlier works.) 
(ii) As the phenomena behmd the initiation of the leader is 
not very clearly known [2], an initial leader of small length 
is always assumed. This will obviate the necessity for a high 
gradient at the cloud charge centre. 
(iii) The development of the leader is similar to that during 
breakdown of long air gaps under switching impulses and 
therefore the model used there, with some modifications, 
can be extended to the leader. 
(iv) Earth is modelled as a homogeneous, linear, lossy die- 
lectric medium. This enables the use of the methodology of 
generalised images [ 121. 



(v) Considering the potential of the cloud charge centre 
(from which the leader originates), the corona sheath radius 
of the leader is fixed. Charges in the cloud are approxi- 
mated to either spherical, or cylindrical charge distributions 
(symmetric with the axis of the leader). 
In the following, modelling of the individual phases will be 
discussed in detail. 

2. I Modelling of the air breakdown process 
Similarity between the leader development in natural light- 
ning and that in long air gaps subjected to switching surges 
has long been observed [13]. The models employed for the 
analysis of switching surge breakdown in long air gaps 
therefore could be extended to model the lightning stepped 
leader. Owing to the complexity of the associated phenom- 
ena, only the macroscopic models, which explicitly do not 
refer to any of the microscopic phenomena, would be man- 
ageable. The leader progression model presented by Hut- 
zler and Hutzler-Barre [14] is one such simple model, which 
does not refer to any of the ionisation process explicitly. 
However, both charge and step length of the leader are to 
be taken from the experimental data. Rizk [15] has devel- 
oped a continuous leader inception model and has applied 
it to model the lightning incident on tall structures. Also in 
his work, the charge and velocities were taken from the 
measured data and only a continuously growing leader was 
considered. A stepwise growing lightning leader suggests a 
temporal growth of electric field and therefore the charge 
on the newly formed leader portion. For a realistic simula- 
tion of the leader, this charge growth has to be accurately 
traced through the associated governing fields, whereas all 
the earlier works have fixed a constant charge density all 
along the leader. The present work, while retaining the phi- 
losophies of the leader progression model for the inception 
fields, fields inside the leader and for the streamer length, 
makes no assumptions regarding charge, current and veloc- 
ity of the leader. These quantities will be deduced through 
the simulation. Modelling of the air breakdown process will 
now be discussed. 

The leader is considered as an electric arc comprising a 
thm (radius < 2cm) but highly conducting central core, 
which is surrounded by a corona sheath (radius in metres). 
Most of the conduction is limited to the central core, 
whereas most of the charges are held in corona sheath. 
Whenever the gradient at the tip of the leader exceeds the 
local value of the critical gradient E,,(h), a streamer having 
a constant gradient EJh) is assumed to be formed [ 141. The 
length of the streamer is fixed by selecting a point on the 
axis where the average gradient is equal to the minimum 
streamer propagation gradient [ 151. Furthermore, streamer 
conductivity needs to be determined which dictates, with 
the streamer gradient, the current inside. For the streamer 
conductivity, a simplified Braginskii's formulation [ 161 is 
employed, which can be expressed as 

y i ( t ) 2 / 3  dt 
(1) 

0 
r(t1) = r(t0) 

J i ( t ) 2 / 3 d t  
0 

where r(t) is the resistance of the streamer segment under 
consideration, i(t) is the current through the segment and 
to, tl are two consecutive time instants. The initial value for 
r(0) is taken as 100kQim. 
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occurred. For the conductivity of the leader, the generalised 
Mayr's equation [14, 151 is employed 

(2) 

Where g(t) is the conductivity at any instant t, 6 is the time 
constant and is taken as 5 0 p  [lo] and g,(i) = (A  i-(l+a))-I 
= (0.75 x lo5 if' 5)-1. With this type of formulation for the 
conductance of the leader, no explicit reference either to 
actual radius or to the conductivity of the central core 
becomes necessary. As these are complex functions of cur- 
rent and time, they are very diflicult to obtain directly. To 
limit the current, it was necessary to put a lower limit on 
the leader resistance and this was taken arbitrarily as 
20Qim. The current flowing through the nonlinearly con- 
ducting leader and streamer channel builds up the charge 
and hence the potential of the leader tips. When it exceeds 
the critical gradient E,,, a new step will be formed. 

The values of the various breakdown parameters are as 
follows. The critical gradient at STP (26kVkm as given in 
[17]) is taken as the boundary of the active region. Thum et 
al. [9], also employ a similar value. The positive streamer 
gradient is taken as 4kVicm in the works of Hutzler and 
Hutzler-Barre [14] and Rizk [15]. This seems to be a well 
established value and has been used in the present work. 
However, the data on negative streamer gradient is not so 
well established. Ohta et af. [18], using Pockel's device, have 
experimentally measured the gradients in positive and nega- 
tive streamers and also in leaders. The measured gradients 
are 5-14kVicm for the positive streamer, 18-32kVicm for 
the negative streamer and 1.5-5.5kVkm for the leader. 
Even the minimum positive streamer gradient measured by 
Ohta et al. [18] is more than the widely employed value. 
This can be attributed to the lower values of the leader cur- 
rents encountered in the work of Ohta et af. [18]. Consider- 
ing this, the measured negative streamer gradient of Ohta 
et al. [18] is scaled with the ratio of the established positive 
streamer gradient to the measured gradient and then the 
negative streamer gradient is taken as 14.4kVkm. Consid- 
ering the complexity of the problem and lack of credible 
data, the effects of rain, mist and humidity on the streamer 
and leader gradients are not considered. Allen and Ghaff 
[I91 have shown that for temperatures in the range -14°C 
to +148"C and for air density in the range 0.6-1.1, the air 
density and temperature correction factor is equal to the 
relative air density 615. Considering the typical height of 
the negative charge centre in the cloud to be Sdkm, the air 
density encountered is greater than 0.6 and temperature is 
greater than -24°C. Therefore, the correction factor given 
by Allen and Ghaff [19], is very suitable for the present 
work and has been employed for both streamer gradients 
and the critical gradient. The resulting correction factor, up 
to a height of 5km, follows the relation 

correctzon factor = 1.00514 x exp(-O.O00187214h) 

where h is the height in metres above ground. 

2.2 Computation of the transient electric field 
Electric field build-up at the tip of the leader acts as the 
prime mover for the leader propagation. Ths  field build-up 
is realised by the accumulation of the charges in the newly 
formed leader segments. Therefore, for an accurate trace of 
the tip electric field bdd-up, it is essential to follow the 
charge build-up phenomena. Researchers have postulated a 
capacitive charging phenomenon (for example, see Golde 
[ZO]), although no attempt has been made to compute it. 
Owing to the lower velocities of the stepped leader as com- 
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pared to the velocity of light, the wave propagation and 
eddy current effects are negligible. Therefore, the electric 
field distribution can be described by Laplace’sPoisson’s 
equation and the magnetic field by vector Poisson’s equa- 
tion. It has been shown in earlier work [16, 211 that the 
transient phenomenon arises solely because of the time- 
dependent material boundary conditions to be satisfied by 
these fields. A detailed study of the field associated with the 
stepped leader reveals that it belongs to the resistive- 
inductive-capacitance (RLC) type of transient fields [ 161. 

Modelling of the Earth plays a major role in the estima- 
tion of the electric field near ground and in the computa- 
tion of the length of the connecting streamers. Owing to the 
wide range of Earth conductivity (0.0054.5S/m) and per- 
mittivity (3 < E, < 81) profiles, it can neither be modelled as 
a dielectric nor as a conductor for which classical image 
theory applies. In view of this, a general theory of images 
applicable to linear lossy dielectrics developed in an earlier 
work [12] has been employed. 

3 Numerical implementation 

The field associated with the stepped leader is not amenable 
to any simple analytical techniques and hence a numerical 
approach has to be adopted. The physical charges are 
directly discretised and are used in the evaluation of the 
electric fields. For the numerical computation, the leader 
poses a difficult field problem because of its very adverse 
aspect ratio (radius of a few metres and length of a few kil- 
ometres). In addition, the leader segments of few metres in 
diameter, carrying charges in the range of di-coulombs, 
need to compete with the cloud charges of the magnitude 
of a few tens of coulombs and dimensions of hundreds of 
metres. Therefore, great care needs to be exercised in con- 
trolling the numerical errors. The number of time steps 
required for a final leader length of 2.5km is of the order of 
lo6. Fixing an accuracy of 1% for the gradients inside the 
leadedstreamer, the resulting accuracy requirement for the 
computed voltages would be of the order of l k 5  - 1 P  % 
[16]. Considering all these, spherical charge structures are 
used for the spatial discretisation of the streamer and the 
leader corona sheath. During the initial phases of leader/ 
streamer development cylindrical charge structures, when 
employed for the spatial discretisation, are found to per- 
form very poorly (numerically). However, for the old 
matured leader segments, replacing many spherically discre- 
tised leader portions by a single cylindrical segment proves 
computationally very beneficial. 

During the development of the leader, its resistance falls 
from 100kWm to a value of 20Q/m. The very poor aspect 
ratio of the problem together with this nonlinearity 
demand an extremely small time step, and therefore a very 
large number of computations. An improvement of more 
than a factor of ten can be realised by employing a nonlin- 
ear numerical filter [22] to the computed leader voltages. It 
suppresses the spatial oscillations (which could result in a 
blow-up) without violating conservation. This spatial oscil- 
lation was otherwise found to initiate at the root of the 
leader especially with larger time steps. The final time step 
after the incorporation of the above filter was lC9s. 

The numerical implementation of the streamer formation 
needs special attention. The streamer demands a fixed aver- 
age gradient inside, which cannot be met by using charges 
as the charges cannot be moved instantaneously. Therefore, 
a fictitious polarisation of suitable magnitude was used [16]. 
This could also be viewed as a mimic to the number of 
avalanche heads (forming the streamer) containing charges 
of both the polarities effectively separated in space. The 

 

geometry used for ths polarisation is obviously the same as 
that of the streamer. If Eo is the actual existing field and E,, 
is the desired streamer gradient, then the amount of polari- 
sation required is 

where E, is given by 

E ,  = ( 3 E  - 2) 

( 3 )  

(4) 

During the whole of the streamer phase the gradient inside 
is held constant at the streamer propagation field. T h ~ s  has 
been realised by decreasing the imposed fictitious polarisa- 
tion with the charge accumulation in the streamer. When 
the charges accumulated in the streamer reach the level of 
fully meeting the gradient inside, the fictitious polarisation 
is removed. In addition, ths  stage also indicates the attain- 
ment of good conductivity. Therefore, the associated 
streamer segments are immediately converted into leader 
segments. 

The electric potential all along the leader needs to be 
evaluated at each discretised time interval and the algo- 
rithm adopted is outlined as follows: 
(a) from the known charge distribution compute the poten- 
tial all along the leader segments employing: 
(i) for spherical volume charge distribution 

4 V ( r )  = - 
47~~01- 

r > R  

(ii) for spherical volume polarisation (along the axis) 

R3 V ( r )  = /PI- 
3&0r2 

r > R  

where q is the total charge, P is the dipole moment per unit 
volume, R is the radius of the spherical volume and r is the 
distance of point of measurement from the centre of the 
spherical volume. 
(6) then compute the current distribution all along the 
leader following RLC type transient fields [21] 

/ P ( Z ,  t ) i ( ~ ,  t)dZ + A . dl = AV (7 )  
A1 A1 

where AV is the voltage across any segment of length 1, 
p(z, t), A(z, t )  and i(z, t )  are the resistivity, divergence free 
magnetic vector potential and current profiles along the 
leader, respectively. The arguments (z,  t )  denote the spatial 
and time variables. Considering the weak coupling between 
two adjacent leader segments, all the mutual couplings can 
be safely neglected. As a result, only the self-coupling terms 
remain and further by assuming a constant (or average) 
current throughout the segment, magnetic linkages can be 
deduced in terms of the famhar self-inductance Ll of the 
segment. The expression for Ll is [23] 

L1 = 0.0021 In - - 0.75 

where 1 is the length of the leader segment under considera- 
tion and r,,, is the radius of the leader core (1-2mm to 
Icm). In eqn. 8, both the length and radius are in cm and 

( ( r c 2  ( 8 )  



inductance is in pH. With this, eqn. 8 can be reduced to 
di(z t )  

R l i ( Z ,  t )  + L L L  = AT/ at (9) 

where R1 represents the average resistance of the segment at 
the time instant t. 
(c) from the spatial current data pertaining to any time 
instant t ,  the charge accumulation can be determined 
according to the theory of RC-type field transients [21, 241 

where A(z, t )  represents the linear charge density from 
whch the equivalent spherical volume charge can be com- 
puted. As mentioned earlier, both conductivity and permit- 
tivity of the Earth participate in determining the image of 
charge distribution in air. According to the generalised the- 
ory of images, the equivalent set of images would be dielec- 
tric image plus the equivalent charge for surface charges, 
which are being built-up. For any time-varying point 
charge q(t), (representing the uniform spherical volume 
charge distribution for the present case) in air, the equiva- 
lent image charge qS for the accumulating surface charge 
distribution is given by [12] 

-OeaTth 

(11) 
{ - 2ELZtT - 

+ &ear th )  (Eatr  + E e a y t h )  

The equivalent charge qs, is to be kept at the image point 
and is valid for all the calculation in air. 
(d) increment the time, go to step 1 after checking for the 
critical field at the leader tips and evaluating new values of 
conductivities. 

4 

A common model for the cloud charges employed in the 
literature comprises a positive charge centre at the top, 
which is followed by a negative charge centre at the bot- 
tom. Ths  negative charge has been considered in the 
present work to be in two volumes and out of which only 
the bottom negative charge volume will be electrically con- 
nected with the leader. Due to the assumptions made, 
cloud charges are aligned one below the other along the 
axis of the leader. Unless otherwise stated, the values 
quoted in Tables 1-3 were used in the simulation. Further, 
the arc constants and other geometrical details used in the 
simulation are as follows: 
arc constants: A = 0.75 x lo5, a = 0.5, time constant 0 = 
50P 
length ahead of the leader prescribed for evaluating the 
averaged tip gradient to be used as the critical gradient 
- yc 

length of the preliminary leader = 40 vC 
minimum length of the spatial discretisation used 2vc = 
16m 
radius of the leader corona shell vlC = rJ1.225 
all cloud charges were represented by spherical charge dis- 
tributions. 

A detailed sensitivity analysis has been carried out to 
ascertain the influence of various parameters on the per- 
formance of the model. This was required to ensure that 
the possible variation in these parameters does not invali- 

Data used for the simulations 

- 

 

date the model. Results of the study show that the pro- 
posed model is not very sensitive to its parameters [16]. 

Table 1: Details of the cloud charge distribution 

Charge type Height, km Charge 
magnitude, C 

Positive (at the top) Zp= 14 Qp = 30 

Negative (at the bottom) Z, = 5.5 0, = -25 

Participating negative Z, = 3.0 Q, = -5 

Table 2: Various electric field gradients used for the simula- 
tion 

Critical gradients Value at STP, kV/cm 

Breakdown (EJ 26 

Positive streamer propagation 4 

Negative streamer propagation 14.4 

Table 3: Initial resistances used for the simulation 

Streamer 100 kQ/m 

Preliminarv leader 1 kQ/m 

In the following, results obtained from the simulation are 
discussed with reference to step length and duration, leader 
charge, leader current, leader voltage profile, leader tip volt- 
age and field. Also, the potentials and fields at selected 
points on the earth are presented. For brevity, only the 
important results of the simulation are discussed. For gen- 
eral information, a few details of the computation facility 
used are as follows: 

The computer code was written in C language and the 
computations were carried out in SUN-Sparc2 and IBM 
workstations. Typical run times are of the order of a few 
hundred minutes to a few thousand minutes of CPU time 
(depending on the radius of the corona sheath and the 
height of the participating charge centre from the ground). 

5 Simulation results and discussions 

5. I Step length and duration 
Results of the simulation indicate that the step length 
remains constant for a given leader radius and charge 
polarity. It may be recalled that the simulation was carried 
out only for a vertically straight leader without any 
branches. Step lengths are much larger for positive leaders 
compared to negative leaders and the ratio of positive to 
negative leader step lengths approximately follows the ratio 
of propagation gradients of positive and negative stream- 
ers. Under identical conditions the step length and average 
step duration for a positive leader are 192m and 2 0 0 ~  and 
the respective values for the negative leader are 48m and 
4 8 . 6 ~ .  The step duration, however, varies with the leader 
length and potentiallfield near the participating charge cen- 
tre. Initially, due to the preliminary leader, the prevahg 
conditions are different from those at the later stages where 
the leader propagates naturally. Therefore, there exists an 
oscillation in the initial period. Later, until the leader comes 
close to the ground, the step duration increases with leader 
length. However, near the ground, step duration reduces, as 
shown in Fig. 1. Simulations with different values of 
streamer propagation gradients indicate that the larger the 
step length, the larger the step duration as observed in 
practice. Table 4 shows the influence of the participating 
cloud charge magnitude on the leader step duration and 
total charge injected. 
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Fig. 1 Typical variation ofstep duration 

Table 4 Influence of participating cloud charge magnitude 
on leader propagation 

Cloud Step Total leader Avg. step 
Q,, C potential, length, duration, duration, Total 

charge, C 
MV m rns CLS 

5 167 48 1.76 48.63 1.38 

6 189 48 1.03 28.50 1.34 

7 212 48 0.77 21.51 1.54 

8 234 48 0.62 17.32 1.63 

It may be observed that the step length and the average 
step duration for the negative leader match favourably the 
well established (measured) values of 50m and 25-50p, 
respectively. The computed leader velocities are close to or 
slightly higher than the maximum value of the measured 
leader velocities. However, it should be noted here that the 
measured leader velocities are only the two-dimensional 
velocities and, in reality, the stepped leader follows a very 
tortuous path. Therefore, the actual velocity of the stepped 
leader will be higher than the two-dimensional velocity 
computed from lightning photographies. 
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Fig. 2 hm of ihe descendkg l e d r  t@ 

Fig. 2 shows the height of the leader tip as a function of 
time. To start with there will be a preliminary leader, and 
then the tip descends at a constant rate. At about half the 
distance, the speed of descent decreases as also indicated by 
the step duration plot in Fig. 1. Closer to the ground, over 
the last few steps of descent, the speed increases sharply. 
Initially, when the leader lengths are small, the total leader 
resistance will also be small. In addition, it has strong elec- 
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trostatic coupling only with the cloud charges. Thus, charge 
build-up, and consequently the build-up of tip potential 
and tip gradient, will be faster. Later, when the leader has 
covered nearly 50% of the gap, its resistance would also 
have increased and the electrostatic coupling now will be 
with both cloud charges and the Earth. Therefore, more 
time is required for the charge build-up and hence the tip 
gradient. However, when the leader comes closer to earth, 
due to the stronger influence of the image charges in the 
earth, bdd-up of the gradient is much faster. This geome- 
try-dominated charge and field build-up will overwhelm the 
increase in total leader resistance, thus resulting in shorter 
step durations. 

5.2 Leader charge 
Fig. 3 shows the typical profde of computed charge density 
along the leader for different leader lengths. It may be 
observed that the leader charge density remains low at the 
leader root and then increases sharply. But, for larger 
leader lengths, this sharp increase will disappear within 
25-50'%0 of the leader length and a moderate increase will 
be found. At the tip, the charge density (and charge) builds 
up sharply after a step. The charge density is lower at the 
leader root as the field in that region is strongly governed 
by the cloud charges. Later, the charge in the leader also 
contributes significantly to its potential, which is high, and 
hence the charge density increases. In the region near the 
tip, as in the case of the conductor tip, the charge density 
increases sharply (but is limited by the formation of a new 
step). It may be recalled that in earlier works, leader charge 
distribution was either assumed to be piecewise constant [8] 
or to increase linearly from the root to the tip [9, 101 

I I I I I 
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length along leader, m 

Fig. 3 Lrader charge profile at dgerent lengths 

Fig. 4 shows the total charge on the leader as a function 
of time. It may be noted that the charge injection to the 
leader is a smooth process. It may be recalled that many 
researchers [l 1, 251, to explain far-distance electric measure- 
ments, have modelled the leader as a vertically straight, uni- 
formly charged cylindrical volume descending at a uniform 
velocity. At far distances (i.e. distances more than the total 
length of the leader itself), the fine structure of the leader 
charge distribution becomes nearly invisible and only a 
gross effect will be seen. Both Figs. 2 and 4 indicate almost 
a steady increase in leader length and its total charge, thus 
justifying the approximation of the above researchers. 
However, for the attractive radius calculations and for 
determining the initial conditions relevant to return stroke 
computations, near fields are important. Therefore, the fine 
structure of the leader charge (and conductivity) is very 
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essential. It is observed from the results of simulation that 
the computed total leader charges are always lower (by 
45% or less) compared to the estimates reported in the liter- 
ature. This can be expected as only a vertically straight 
descending leader is simulated, whereas, in reality the leader 
exhibits extensive branching and follows a tortuous path. 
Therefore, the total leader length in natural lightning wdl 
be more than the height of its root above ground. When 
the length is more, electrostatic couplings will be higher as 
also will be the total charge accumulated. 
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Fig. 4 Temporal growth of rota1 charge on the leader 
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Fig. 5 Lender current profde at dgerent lmgths 

5.3 Leader current 
The leader current is not a well established quantity as 
direct measurements on a stepped leader are not practical. 
However, by knowing the leader transit time and the total 
leader charge, the leader current was deduced to be a few 
hundred amperes. Values of 10C300A are frequently 
referred to as typical (average) values [I, 101. But careful 
measurement of high-frequency magnetic field pulses due 
to the leader by Baum [26] has led to the estimation of 
leader currents to be at least 1kA and range up to a few 
tens of kA in new leader steps. Simulation results clearly 
confirm this aspect. The older leader segments carry cur- 
rents in the range 30M00A. This current seems to 
decrease slightly along the length and at the new leader seg- 
ments the current increases to the level of a few kilo- 
amperes as shown in Fig. 5. At the latest leader segment, 
sharp current pulses of magnitudes up to a few tens of kilo- 
amperes are also observed. These current pulses have very 
short rise and fall times. Baum [26], from his field measure- 
ments, concludes that the current in the tip seems to have 
rise times of the order of a few tens of nanoseconds. One- 

to-one comparison of the current magnitude and rise time 
is not possible as only a coarse discretisation is adopted in 
the present simulation. This was very necessary to limit the 
already huge computational burden. The coarse spatial dis- 
cretisation has resulted in sharp fluctuation of the current 
at the tip. The plots in Figs. 3 and 5 are taken at equal 
space intervals. This does not correspond to the same time 
intervals and consequently to the same electrical conditions 
of the leader. At each length, the propagation stops for a 
time interval of step duration and severe electrical activities 
take place in the newly formed portion. As a result, plots 
contain dissimilar curves. It should be noted that the plots 
taken under the same electrical conditions give similar 
curves and this is avoided in the above to indicate that the 
curves show slightly different patterns at different times. 
The common observation from the results of the simula- 
tion is that the spatial current profiles show more pealung 
as the leader approaches the ground. 

5.4 Current at various heights 
Currents at various heights can give further insight into the 
phenomenon. In Fig. 6, a leader current at 50% height is 
given. The currents measured at various heights show the 
initial pulsating nature of the leader current. The current 
rises sharply to a magnitude of the order of lOkA with the 
formation of the step. Owing to the coarse discretisation 
adopted in the simulation, occasional oscillations can be 
seen in the computed current magnitudes. Subsequently, 
this current falls to a few hundred amperes till the next step 
is formed; again the current rises generally to less than 50% 
of the previous peak. However, due to a coarse discretisa- 
tion employed in the present work, sometimes it is found 
that the second peak in the current can exceed the first (as 
shown in Fig. 6). For the subsequent steps, this pulse peak 
diminishes more or less un i fody  to become a ripple and 
then finally settles down to a uniform current. The pulsat- 
ing nature of the initial current of a newly formed step is 
supported by the magnetic field measurements of Baurn 
[26]. Also, the photographs of the stepped leader show 
extensive brightness in each step near the tip where both 
the current and the gradients are high. 
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5.5 Leader voltage profile 
Leader potentials at various leader lengths are shown in 
Fig. 7. These data are for an arbitrary instant and therefore 
correspond to different leader tip conditions. It may be 
observed from Fig. 7 that the leader gradient, which is 
dynamic in nature, remains constant except near the tip. 
Near the tip of the leader, which comprises the recent two 
or three steps, the potential of the leader drops sharply. 
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5.6 Leader tip voltage 
It will be interesting to study the leader tip potential, as the 
dynamic changes of the tip gradient would be indicated by 
it. For the sake of brevity and for better clarity, only a 
small interval spanning only the last few steps are shown in 
Fig. 8. It may be noted that the leader tip is not a futed 
point in space but will be moving (in steps), and therefore 
the leader tip potential is the potential of a point that is not 
futed in space. When a new step is formed the leader tip 
potential falls which is determined by the streamer gradient 
and initial leader tip potential. As the conductivity of the 
newly formed streamer improves (nonlinearly with the cur- 
rent), charge gets accumulated in it and the tip potential 
increases. This increase, as shown in Fig. 8, has two distinct 
phases. The first phase is due to the streamer and the sec- 
ond due to the leader phase. In the streamer phase, the 
potential is governed by both free charges and dipolar 
charge distributions. The change in conductivity is mainly 
governed by Braginskii's formulation. In the leader phase 
only charges determine the potential and the changes in 
conductivity are governed by Mayr's equation. The initial 
fast rise in potential is mainly due to the fast rise in conduc- 
tivity. During this period, mainly local redistribution of the 
charges from the previous leader segments occurs. Later, 
due to the fall in gradient in this region, charge accumula- 
tion slows down and hence there is a rise in potential. 
When the potential of the tip reaches a magnitude that is 
sufficient to produce the critical gradient, a new step will be 
formed and the potential of the tip will drop. This is neatly 
demonstrated in Fig. 8. 

 

5.7 Potential and electric field at the ground 
During the simulation of the stepped leader, both the aver- 
age potential and the average field (representing slow field 
records) near the ground at various radial distances were 
measured. It was observed from these measurements that 
both of them rise monotonically with leader progression. 
However, the fine resolution of the temporal potential 
shows kinks riding over an otherwise monotonically 
increasing trend. These kmks are formed due to the initial 
dielectric image of the charges in the new step which later 
changes into a conducting image. Fig. 9 shows the potential 
at a radial distance of lOOm from the leader axis at a height 
of l m  above ground. The corresponding soil parameters 
are F, = 80 and (T = l.OS/m which represents seawater or a 
very highly conducting Earth. Fig. 10 shows the computed 
potential for two types of Earth. The first one corresponds 
to a highly conducting Earth (the same as above) and the 
second one corresponds to a poorly conducting Earth (E, is 
taken arbitrarily as six for dry Earth and o = O.O06S/m). It 
may be noted that the magnitude of the kinks is dependent 
on the soil conductivity and permittivities. Also, the width 
of the kinks is greater for lower soil conductivities. This is 
due to the higher time constants (i.e. do) associated with 
the lower soil conductivities. It should be noted that as the 
leader is far away from the ground, the effect of the steps is 
not felt significantly and it is only when it comes close to 
the ground that both potential and field show an initial 
sharp and then a slow increase with each step. Fig. 11 
shows the electric field normal to ground surface measured 
at the ground surface at a radial distance of lOOm from the 
leader axis. The effect of the formation of each step and the 
corresponding salient changes in the temporal field can be 
observed in these plots (Figs. 9-1 1). 
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6 Conclusions 

A new model for simulation of the stepped leader (of the 
first stroke) of natural lightning is presented. No assump- 
tions are made regarding leader charge, current and veloc- 
ity of propagation. Simulations have been carried out for a 
vertically descending straight leader. The computed step 
lengths and step durations are in good agreement with the 
field data for natural lightning, thus giving credibility to the 
model. The computed step lengths are larger for positive 
leaders than for negative leaders. It is also observed from 
the simulations that the longer the step length, the longer 
the duration, as in natural lightning. The leader currents 
and charge distributions in natural lightning are not very 
accurately known. From the hgh-frequency magnetic field 
measurements made at ground level and from the data per- 
taining to total leader charge and duration, leader currents 
are estimated to be a few hundred amperes along the length 
rising to a few to a few tens of kilo-amperes near the tip. 
The simulation results using the present model clearly con- 
f m  this aspect. Also, the leader voltage gradients and cur- 
rents are found to be high near the tip supporting the 
photographic data of stepped leaders which show a rela- 
tively hgh intensity of light emission only near the tips. The 
computed leader tip voltage clearly indicates the cause of 
stepwise propagation. The Earth has been modelled more 
realistically as a linearly conducting dielectric and includes 
the electrical parameters of the soil and is found to influ- 
ence the ground field. As observed in practice and pre- 
dicted by the previous simpler models, the computed 
ground electric field is found to have a parabolically rising 
characteristic, concave upwards. However, the earlier sim- 
pler models do not predict most of the other characteristics. 

Following are the main applications of the present work. 
The model developed can serve as a computer simulation 
tool for the lightning stepped leader and aid in the better 
analysis of the field data. A more accurate calculation of 
the attractive radius is possible with the present model as 
both charge distribution and stepwise propagating charac- 
teristics are deduced by coupling the electric field and air 
breakdown processes. In addition, as both permittivity and 
conductivities of the earth are considered, a more realistic 
estimation of the transient ground potential is now possi- 
ble. Sirmlarly a detailed description of the initial conditions 
for the simulation of the return stoke is now available. 
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